Abstract-In this article, equivalent circuit modeling with study and analysis of band notch characteristics for a triple band notched UWB antenna has been discussed to develop a better understanding of the antenna functioning and its behavior. A small square ultra wideband antenna having overall size of 24 x 31 mm 2 with tri-band rejections is designed and simulated using HFSS software. Very narrow band notching is accomplished by placing C slots and inverted C slot of different dimensions on the radiating patch which makes maximum space utilization without performance deterioration. The antenna operates from 3.1 to 14 GHz (VSWR < 2) with the presence of 3 narrow band notches (VSWR >2) of 3.3-3.7 GHz (WiMAX), 5.1 -5.4 GHz (Lower WLAN and HIPERLAN/2) and 5.7 -6 GHz (Upper WLAN) as shown by the simulated and measured results (VSWR<2) of the UWB antenna, with and without the presence of triple notches, thus utilizing the maximum UWB bandwidth. The radiation pattern plots for simulated and measured results are also presented to validate the working of the antenna. This antenna can be a respectable candidate for future European and USA high capacity UWB applications. The group delay and peak gain plots are also found to be stable in the range of operation of the antenna. The study and analysis of the band notching is discoursed in terms of current distribution and impedance plots to provide a greater and better perception into the working of the antenna and hence an equivalent circuit for the tri-band notched UWB antenna has been proposed.
I. INTRODUCTION The field of wireless communication has witnessed swift and tremendous technological development in the recent years, with enormous impetus in research in the planar UWB antenna technology field because of their attractive properties of low power consumption, the provision for providing high data rate multimedia services with low cost and compact sized circuitry.
The availability of 7.5 GHz (3.1 GHz -10.6 GHz) of bandwidth for UWB applications by the Federal Communications Commission (FCC) [1] has further been the cause of a spurt of significant researches in the UWB technology area. Characteristics for a Compact UWB Antenna  with Tri-band notches 510 Nevertheless, the technical hurdles due to the increase in spectrum congestion, interference due to existing systems etc. have to be met in the designing of UWB antennas. Frequency rejection technique is an attractive way to reduce interference between the UWB systems and existing wireless systems without increasing the size or footprint of the antenna [2] . Many kinds of planar UWB antenna designs with notching have been designed and presented [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . One of the foremost frequency rejection design technique that meets the need of the current scenario is the incorporation of slots in the antenna patch or in the ground plane so that it does not require any extra space for its implementation [3] , [4] , [6] , [7] . Slots can be varied in geometry, shape, size and constitution, thus ensuing in the conception of different frequency notch bands. Consequently, several conception strategies for band notching using slots have been embraced making use of various anatomies for slots, such as U-shape [7] , C-shape [6] , annular slots [11] , I-shape [12] , H-shape [12] and so on. The intended antenna design incorporates the important essentials for developing an optimum UWB antenna for UWB technology.
Parametric study and Analysis of Band Stop
This paper is structured as follows. Section II outlines the design proposal of a triple band-notched compact UWB antenna with notches at 3.3-3.7 GHz (WiMAX), 5.15-5.35 GHz and 5.725-5.825Ghz
(WLAN) with the design equations and dimensions. In section III experimental results for the designed antenna are presented and discussed to validate the performance of the antenna. The simulated current distribution as well as the impedance plots are discussed to understand the physical concept of frequency band notching and finally an equivalent circuit representation for the UWB antenna is proposed in section IV.
II. ANTENNA CONFIGURATION AND DESIGN OPTIMIZATION
A. Basic UWB antenna details The snapshots of the final antenna geometry of main reference antenna are shown in Fig. 1 
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The following formulae constitute the starting point for basic calculations for the antenna dimensions which are then used to design and simulate the reference antenna [14] , [15] :
The length of the patch of antenna is given as follows:
where L is the length, fr is resonant frequency, ϵr is relative permittivity, ϵreff is effective permittivity whose formula is mentioned in (2) and ΔL is incremental length as shown by (3) .
Width of patch is given by:
Feed line width is calculated as follows:
where wfeed is feed line width, h is the thickness of the substrate and A is given by the formula mentioned below. In Fig. 2 the steps of antenna design evolution are shown which clearly portray the progression of the design steps. Fig. 3 shows simulated S11 curves for the different stages of the basic reference antenna conceptualization. The curve 1 in Fig. 3 shows the S11 results of the square patch as 512 mentioned in step 1 of Fig. 2 , with partial ground length 12 mm (without any feed gap). It is observed that desired result is not obtained. The curve 2 in Fig. 3 shows S11 values of the same square patch with partial ground length (feed gap 0.5 mm). It is observed that the antenna bandwidth of 3.5 GHz -4.3GHz is obtained. The beveling technique is used at both corners of the radiator for bandwidth enhancement in the reference antenna as shown in step 2 of Fig. 2 . The effect of beveling is clearly seen by curve 3 in Fig. 3 . It is observed that a very wide bandwidth (S11 < -10dB) of 3.1GHz -14GHz
is obtained for the dual beveled radiator with partial ground length of 11.5 mm. Further refinement in the reference antenna design was achieved when a notch cut in the partial ground plane is introduced exactly behind the transmission line. This leads to better impedance matching over the entire obtained wide bandwidth of 3.1GHz -14 GHz, as shown by curve 4 in Fig. 3 .
B. Single band notched UWB antenna details Slot lengths for simulation are derived from:
where fcenter is the resonant frequency of notching, Lslot is the total length of the slot, ϵeff is the effective dielectric constant and c is the speed of light. The slot length is considered as equal to the half wavelength at the resonant frequency of notching, i.e., fcenter. The three resonant frequencies (fcenter) for the three slot designs are 3.5 GHz, 5.2 GHz and 5.7 GHz, respectively. Based on the formula mentioned above we observe that the fcenter is inversely proportional to the slot length. Thus, when designing slot for the lower resonant frequency f3.5, the calculated slot length is 26.13 mm. Similarly for f5.2 and f5.7 the calculated slot lengths are 17.59 mm and 16.05 mm, respectively.
The geometry of the slot considered in the simulation has to be such that the entire length of slot can be etched on the radiator without degrading the antenna performance. 6 . We observe that as the length of the slot is increased the center of the notched frequency band shifts towards lower frequency bands. For our requirement of notching frequencies from 3.3 GHz -3.6 GHz in antenna A, the optimum length is selected as mentioned in Table II. The same parametric analysis is also done on lengths LB1 and LC1 of the slots B and C using Ansoft HFSS. The VSWR curves for antennas B and C are shown in Fig. 7 and Fig. 8 , respectively. It can be observed that the resonance frequencies vary with the slot lengths. So, it can be stated that the notched bands can be individually controlled by their dimensions.
The final optimized dimensions of the slots are provided in Table II . 
A. Voltage Standing Wave Ratio (VSWR) readings
The measurements were done on vector network analyzer (VNA, PNA N5230A, Agilent Technologies). Fig. 11 shows the simulated and measured VSWR curves for the UWB antenna, without slots and with slots. The fabricated antenna achieves a bandwidth of 3.1 to more than 14 GHz successfully with 3 band notches. There are some differences seen in the simulated and measured results. One of the reasons for degradation/discrepancies of antenna performance parameters could be due to fabrication faults and SMA connector which was not used in our simulation. Fig. 14(c) . The E plane is an eight-shaped pattern of radiation whereas H plane radiation patterns display almost omni-directional characteristic, which displays monopole like behavior in antenna, quite desirable for mobile applications [9] . However, it is observed that the radiation patterns begin to vary at higher frequencies and more side lobes appear. 
C. Gain
For UWB antenna it is very difficult to plot radiation patterns at all the frequencies as the operating range is quite large. So, a much more convenient way to visualize and justify the omni-directional pattern is "the gain vs. frequency plot". By observing the gain plot, we can very easily conclude where and at which frequencies the UWB antenna radiates and where it doesn't radiate at all. This also provides insight into the behaviour of antenna at the notched frequency bands, as it can be clearly seen that antenna doesn't radiate at the notched bands as shown in Fig. 15 . The gain varies from 3.8 dB to 5.9 dB over the operating UWB frequency range except at the filtered bands where a steep decrease in gain is observed as seen in Fig. 15 . The peak realized gain is 5.9 dB. The gain is seen to be flat and stable in the overall functional range/un-notched frequency bands, with variations of less than 2.1 dB. This provides further justification that the UWB antenna radiates almost omnidirectionally in all directions. 
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D. Brief study of UWB transmission schemes and Antenna Group Delay According to "Introduction to Ultra-Wideband Radar Systems" by James D. Taylor [17] , over the years, the term ultra-wideband has been called by a number of synonymous terms such as impulse, video pulse, carrier-free, super wideband, non-sinusoidal, baseband, until the US Department of defense used the term Ultra Wideband (UWB) in 1989 [17] .
Ultra Wideband by tradition has been accepted as pulse radio. Win and Scholtz described the ultra-wideband pulse-based communication as Impulse Radio UWB (IR-UWB) [18] . The simplest form of IR-UWB uses short timed pulses without a carrier signal to transmit information. And it has to operate under the FCC regulated emission limits for the allocated huge bandwidth of 3.1 GHz -10.6 GHz [2] . A comparison of UWB bandwidth with other conventional systems is shown below in Fig. 16 [19] .
The FCC and ITU-R further introduced the definition of UWB, as signals with fractional bandwidth more than 20% of its central frequency or as signals with bandwidth more than 500 MHz [2] , [20] . Therefore, any transmission signal that fulfils the FCC demands for UWB spectrum can be considered UWB technology, i.e., any technology that employs more than 500 MHz bandwidth in the Fig. 16 . Comparison of bandwidth between UWB systems and other wireless systems [19] . allotted spectral mask having the required emission limits is considered UWB [20] . This definition broadened and included a number of techniques that could be used for UWB implementation which was initially just impulse based. Fig. 17 summarizes the two main techniques used for implementing UWB. The UWB data modulation schemes have been divided into two main categories as seen in Fig. 17: Impulse radio UWB (IR-UWB) and multi-band orthogonal frequency division multiplexing (MB-OFDM). The MB-OFDM format has 14 subintervals in the interval between 3.1 and 10.6 GHz. Each subinterval covers 528 MHz of bandwidth [21] .
There are lots of modulation schemes for UWB as shown in Table IV above and many studies have been done and still ongoing in this field because UWB is an evolving technology. Although the work presented in this article primarily deals with the designing of UWB antenna (operating from 3.1GHz -10.6 GHz) a short and comprehensive idea is tried to be given as to how the research in UWB schemes have evolved and still evolving. For more perceptiveness into the various schemes for UWB, one can refer to [17] [18] [19] [20] [21] [22] [23] [24] . The focus in this article is to design and develop a workable UWB antenna (operating from 3.1GHz -10.6 GHz) to study and justify the antenna performance for indoor UWB applications.
Therefore, by studying and understanding the functioning and behavior of antenna parameters a much better insight into the designing and development of UWB antennas is acquired.
The numerous advantages of UWB (3.1GHz -10.6 GHz) for radio communications, like low transmission power, less complex hardware structure and high data throughput rates, compared to UWB pulse transmission is very useful for high speed data transfer in indoor environments (like homes, offices, malls, stores, medical centers, etc.) where the transmission distances are less. Also, the very short duration UWB pulses have the capacity to penetrate through walls, buildings, plastics, wood etc. and less sensitive to the multipath effect [25] .
The study of antennas designed for UWB applications is important and challenging because the UWB antenna can transmit narrow pulses directly, without any filters, inside the allocated UWB band and within the set emission limits, thereby being very economical and simple [2] .
As UWB antennas are employed to transmit very narrow pulse signals spread over a large spectrum (several gigahertz), the antenna should be able to radiate a pulse without any distortion, or as little distortion as possible. Therefore, to verify the capability of the proposed antenna to operate as a UWB antenna, it is necessary to achieve a consistent group delay over the entire UWB band [9] , [13] , [20] , [26] . Pulse distortion can be represented by the group delay measurements, thus making this parameter really important.
The group delay is defined as the negative derivative of the phase response (φ) versus frequency (f) [27] , [29] .
where φ is the far-field phase, and f is the frequency.
The group delay measurement can be very easily done using a conventional vector network analyzer (VNA). Our measurement setup for the group delay consists of two identical antennas, connected to the VNA, placed 30 cm apart and oriented face to face with each other. Fig. 18 (a) shows the measured group delay (graphical representation of (7)) for the reference UWB antenna without the notched bands and the Fig. 18 (b) shows the measured group delay for the proposed triband notched UWB antenna. It is seen that group delay varies abruptly at the notched frequency bands and in the un-notched frequency regions the group delay is constant with variation of less than a nanosecond [9] , [13] , [20] .
This characteristic reveals that the proposed antenna has an excellent phase linearity which results in less signal distortion. The phase will not remain linear if the group delay variation is more than 1ns, and this will lead to pulse distortion/signal distortion [29] .
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F. Distribution of Surface Current
The simulated current distributions of the initial antenna geometry before cutting the slots for notching are shown in Fig. 19 (a) and (b), at 4.5GHz and 10.5GHz. It is seen that the current is mainly concentrated on the bottom of the patch with very low density toward and above the center and along the edges of the patch except the top edge, for all frequencies. So, it is clear that the center of the patch which has low current density contributes very little to the antenna performance. Therefore, the notches for mitigating interference can very easily be introduced on the patch without distorting its performance. This is a very attractive feature because of the liberty it presents in designing of the antenna without increasing its complexity or bulkiness. Thus, a more compact and light weight antenna is realized. 
G. Equivalent circuit based on impedance plots
For a narrowband microstrip planar antenna equivalent circuit can be represented by a parallel RLC circuit, based on analysis methods available [14] . But for a UWB planar antenna, a very wide impedance bandwidth (7.5 GHz) has to be taken into account. The UWB antenna is not considered to have a single resonance but multiple overlapping resonances in the entire range of operation. Thus, a UWB antenna's equivalent circuit can be represented as a series of parallel RLC resonators as shown in Fig. 21 .
For us to draw more physical insight in the behaviour of antenna and notch, simulated impedance curve of triple band notched UWB antenna is shown in Fig. 22 .
It is seen that at the first and third notch frequencies of 3.5 GHz and 5.7 GHz, input impedances are akin to that of the series RLC circuit, because the imaginary graph is crossing zero going towards positive value while the real part has a lowest positive value at that point as the real graph moves towards the zero value. And for the second notch frequency of 5.2 GHz a parallel type RLC tank structure is used to represent the band notch structure because a rapid change in the impedance (real and imaginary) is seen here. Thus, the suggested Table V shows an extensive comparison of the proposed UWB antenna with already published papers of state of the art UWB antennas. It shows that our designed antenna has a very wide bandwidth as well as a very concise size compared to other published designs. 
H. Comparison of proposed design with published papers
IV. CONCLUSION
This research paper presents a compact, light weight tri-band notched UWB antenna. The proposed design is simple to design and fabricate and there is a close agreement between simulated and experimentally tested results, in terms of good radiation pattern values and VSWR values ranging between 1 and 2. The strength of this proposal lies in the fact that mutual coupling is reduced to minimum among the different rejection slots due to their placement on the radiator. This approach of introducing the frequency notching slots on the top of antenna patch without affecting the antenna performance provides more degree of freedom in our design development. Also, very narrow notching is obtained thereby not wasting any excess frequency band. An omni-directional radiation characteristic in H-plane further supports the utilization of the designed antenna for WPAN and other UWB applications. Equivalent lumped circuit model is presented which provides a physical insight into the performance of the notch band with respect to the antenna. The proposed scheme could be helpful for designing diverse ultra wideband antennas with outstanding band rejection characteristics.
An extensive comparison of the proposed UWB antenna with already published papers of state of the art UWB
